High-fidelity DNA polymerases such as PolIIIα, the α subunit of the E. coli replisome, use a narrow active site to prevent the insertion of an incorrect nucleotide 1 . In the rare occasions in which an incorrect nucleotide is incorporated, the distorted geometry of the mismatched base pair prevents further extension of the DNA strand 2 . Therefore, to continue DNA synthesis, all high-fidelity DNA polymerases contain a 3′-5′ exonuclease that removes the misincorporated nucleotide.
a r t i c l e s
High-fidelity DNA polymerases such as PolIIIα, the α subunit of the E. coli replisome, use a narrow active site to prevent the insertion of an incorrect nucleotide 1 . In the rare occasions in which an incorrect nucleotide is incorporated, the distorted geometry of the mismatched base pair prevents further extension of the DNA strand 2 . Therefore, to continue DNA synthesis, all high-fidelity DNA polymerases contain a 3′-5′ exonuclease that removes the misincorporated nucleotide.
The E. coli replicative DNA polymerase PolIIIα uses a separate exonuclease, ε, for the removal of misincorporated nucleotides 3 . In turn, the exonuclease binds the small protein θ, which has no known function 4 . Together, PolIIIα, ε and θ are termed 'core' 5 . PolIIIα furthermore binds to the β sliding clamp 6 , which provides processivity, and to the C-terminal domain of the clamp-loader subunit τ, which is required for the repeated release of the polymerase at the lagging strand 7, 8 . After its assembly, the pentameric PolIIIα-exonuclease-θ-clamp-τ complex catalyzes DNA synthesis at speeds of up to 1,000 nt/s (refs. 9,10), with an error rate of ~1 per million 11 . Because the exonuclease active site is ~60 Å away from the polymerase active site 12 , it is not clear how the DNA moves to the exonuclease site when a mismatch is encountered.
To better understand how the mismatches are removed during highfidelity DNA replication, we determined the cryo-EM structure of the E. coli PolIIIα-exonuclease-θ-clamp complex bound to a mismatched DNA substrate. The structure reveals a dramatic distortion of the DNA supported by the polymerase thumb domain, which acts as a wedge separating the two DNA strands. In addition, the DNA is kinked and pushed into the inner rim of the β sliding clamp, which stabilizes the distorted DNA conformation. Importantly, NMR analysis of the DNA substrate shows that the presence of a mismatch increases the fraying of the DNA by 1 bp, thereby enabling the DNA to adopt the distorted conformation and to reach the exonuclease active site. Therefore, the mismatch corrects itself, whereas the exonuclease subunit plays a passive role and serves only to remove the terminal nucleotide but does not 'proofread' . Because the mismatch-induced fraying of the DNA termini is the same in all forms of life, it is possible that the self-correction of the DNA may be a universal mechanism of high-fidelity DNA polymerases.
RESULTS

Overall structure of the editing complex
We determined the cryo-EM structure of the E. coli PolIIIα-exonuclease-θ-clamp editing complex bound to a mismatched DNA substrate, to a resolution of 6.7 Å (Fig. 1, Supplementary Video 1,  Supplementary Fig. 1 , and Supplementary Table 1 ). In brief, the polymerase is tethered to the clamp via its internal binding motif (residues 920-924) and indirectly via the exonuclease, which is located between the clamp and polymerase thumb domain. θ is bound to the exonuclease, facing away from the DNA, in a manner similar to the structure of θ bound to the isolated catalytic domain of the exonuclease 13 . Although present in the protein complex, the polymerase tail (residues 925-1160) and τ 500 (the C-terminal domain of the τ subunit; residues 500-643) are not visible in this structure, thus indicating that they are flexible in the editing mode.
We have previously determined the cryo-EM structure of the PolIIIα-exonuclease-clamp complex in DNA-synthesis mode 12 . Between the DNA-synthesis and editing modes, there is surprisingly little movement in the protein subunits, except for an ~6-Å outward movement of the polymerase thumb domain and an ~6-Å inward movement of the exonuclease toward the DNA (Fig. 1d) . In contrast, the DNA undergoes a dramatic rearrangement characterized by three distinct movements: a ~90° coaxial screw rotation toward the clamp, a 30° in-plane tilt, and the fraying of the DNA end by 3 bp (Fig. 1c and Supplementary Video 2). As a result, the 3′ terminus of the primer strand travels ~55 Å from the polymerase to the exonuclease active site.
Multiple DNA interactions stabilize the distorted DNA conformation The distorted conformation of the DNA appears to be supported by four distinct interactions. First, the thumb domain of the polymerase functions as a wedge that separates the two DNA strands. The last base pair before the junction of the DNA substrate comes close to tyrosine 453 of the thumb domain (Fig. 2a) . Aromatic residues are frequently used to stack onto bases and stabilize the interaction between protein and DNA 14 , thus suggesting that Tyr453 may play a similar role. Indeed, an aromatic residue is conserved at this position in the replicative C-family polymerases but not in the predicted 15 error prone C-family polymerase DnaE2 (Supplementary Fig. 2a ). The separation of the two DNA strands by the thumb domain is unique to the C-family DNA polymerases because A-family DNA polymerases such as E. coli PolI, and B-family polymerases, such as E. coli PolII and the eukaryotic polymerases δ and ε, use a very different mechanism to separate the primer and template strands 16 (Supplementary Fig. 3) . Second, the template strand occupies the polymerase active site in a noncanonical manner, extending past the polymerase active site and the binding site of the incoming nucleotide (Fig. 2b) . This position of the template strand is incompatible with DNA synthesis and appears to serve to stabilize the open conformation of the DNA. Third, the DNA no longer travels through the center of the clamp, as observed in the DNAsynthesis mode (Fig. 2c) . Instead the 30° tilt of the DNA pushes it into the inner rim of the clamp, which appears to act as a 'lock' on the DNA, thus preventing the protein from sliding. Here, clear density shows an interaction occurring between the DNA backbone and loops in the inner rim of the clamp, probably involving Gln143, His148, and Arg197 of the clamp (Fig. 2c) . Arg197 also interacts with the DNA during DNA synthesis, whereas Gln143 and His148 appear to be unique to the editing mode. Interestingly, the angle of the DNA, as well as the contacts between clamp and DNA are distinct from those observed in the crystal structure of the free E. coli β clamp and DNA 17 (Fig. 2f) . Finally, the exonuclease moves inward by ~6 Å (Fig. 1d) and interacts with the DNA backbone via a loop (residues 137-144) close to the exonuclease active site (Fig. 2d) . Two basic residues in this loop, Lys141 and Arg142, are likely to be involved in this interaction. These two residues are conserved in ε homologs from α, β and γ Proteobacteria (including E. coli), which use a separate exonuclease for removal of misincorporated nucleotides (Supplementary Fig. 2b ), but not in ε homologs from bacterial species that use a polymerase and histidinol phosphatase (PHP) domain 18 as their main replicative exonuclease 19, 20 . Together, these interactions stabilize the distorted DNA conformation that enables the primer strand to reach the exonuclease active site (Fig. 2e) . The position of the terminal nucleotides in the exonuclease active site is similar to that observed in the crystal structure of PolI 16 and the PolII homolog PolB 21 , even though these polymerases are structurally dissimilar and use very different mechanisms to separate the mismatched primer strand from the template strand (Supplementary Fig. 3d ).
Next, we used an exonuclease assay to validate the interactions described above (Fig. 2g) . Mutation of the polymerase thumb contact (Pol Y453A ) or the clamp contacts (clamp Q143A H148A ) resulted in decreased exonuclease activity, whereas the combination of the two mutants decreased exonuclease activity even further. Mutation of either Lys141 (exo K141A ) or Arg142 (exo R142A ) in the exonuclease both strongly decreased the exonuclease activity, whereas deletion of the single-stranded overhang in the template strand almost completely abolished activity (Fig. 2h) .
The terminal mismatch increases DNA fraying
The moderate changes in the protein part of the complex contrast with the dramatic rearrangement of the DNA. We therefore wondered whether the distortion of the DNA might be induced not by the protein but rather by the DNA itself. To further explore this possibility, we used NMR to determine the solvent-exchange rates of the imino protons located between complementary bases 22 (Online Methods and Supplementary Fig. 4 ). The terminal base pair of the DNA duplex is highly dynamic and rapidly exchanges with the solvent 23 and therefore could not be assigned. In addition, the second base pair showed a much faster exchange rate than did the other base pairs at positions 3, 4, 7, 10, and 11 ( Fig. 3a,b) . The presence of a terminal mismatch (C-T) dramatically increased the exchange rate of the third base pair, whereas the subsequent base pairs remained unchanged. Removal of the mismatched nucleotide (C-) restored the fraying of the DNA duplex back to two base pairs. Hence, on a matched substrate, the last two base pairs are frayed, whereas three base pairs are frayed on a mismatched substrate. This scenario is consistent with results from DNA-melting (Fig. 3c) . The 3-bp fraying of the mismatched substrate matches perfectly with the three unpaired base pairs observed in the cryo-EM structure, thus suggesting that only a mismatched DNA substrate can reach the exonuclease active site. The increased fraying of the mismatched DNA duplex also provides a simple mechanism explaining how the primer strand is returned to the polymerase active site. After the mismatch is removed, the primer terminus can no longer reach the exonuclease active site, thus preventing processive exonuclease activity. Indeed, the nonprocessive action of the exonuclease was evident in a primer-extension assay, in which the extension from a mismatched substrate occurred only after removal of the mismatch. Here, the activity of the exonuclease did not extend past the mismatch, because no additional bands were apparent below that position (Fig. 3d) . The nonprocessive behavior of the exonuclease was furthermore consistent with its low affinity for DNA, with a measured K d of ~30 µM (Fig. 3e) , in agreement with previous findings 24 . In contrast, the core-clamp complex bound DNA ~200-fold better, with a K d of ~0.15 µM (Fig. 3e) .
DISCUSSION
Our work reveals that in the editing mode of the bacterial replicase, the DNA undergoes a dramatic transformation that is stabilized by a unique set of interactions. This distortion enables the mismatched nucleotide to reach the exonuclease, which is strategically placed far away, such that only a 3-bp frayed substrate can reach its active site. Our work furthermore suggests that the DNA corrects itself by using an alternative Table 2 ). Assays were performed without deoxynucleotides (dNTPs). Uncropped gels are shown in Supplementary Data Set 1. a r t i c l e s binding mode within the complex that can be reached only with a mismatch at the primer terminus. In contrast, the exonuclease that has historically been termed the 'proofreader' plays a passive role and serves only to remove the terminal nucleotide of the presented DNA primer strand. Importantly, a similar 3-bp fraying is also present in the A-family and B-family DNA polymerases, even though they are structurally divergent polymerases, and their exonuclease domains are located in very different positions (Supplementary Fig. 3 ). These findings suggest that the self-correction of the DNA induced by 3-bp fraying may be a universal mechanism in high-fidelity DNA polymerases.
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ONLINE METHODS
Protein expression and purification. All proteins were expressed in E. coli (DE3) BL21 and purified as previously described 12,25 . The θ subunit was purified as previously described 26 .
Cryo-EM. Sample preparation, cryo-EM data collection and data analysis were performed in a similar manner to that for the complex in DNA polymerase mode 12 , with the following exceptions. The DNA oligo was shortened by 4 bp, and the 3′-terminal base of the primer strand was altered to a T to create a C-T mismatch. A phosphorothioate bond was used between the last two bases of the primer strand to prevent hydrolysis by the exonuclease (Supplementary Table 2) . All protein subunits were mixed in an equimolar ratio and purified by gel filtration. A ten-fold excess of the DNA was added before preparation of the cryo-EM sample grid. Data were collected with a Titan Krios electron microscope (FEI) operated at 300 kV equipped with a K2 Summit direct electron detector (Gatan) mounted after a Gatan Imaging Filter (GIF) with a 20-eV slit to remove inelastic scattered electrons. 20-frame image stacks were collected in electron-counting mode with a flux of 2 e − /Å 2 /s and a total dose of 40 e − /Å 2 . Frames were aligned and averaged with MOTIONCORR 27 . Contrast-transfer-function parameters were calculated with Gctf 28 . All subsequent particle picking and data processing was done in a prerelease version of Relion-2 (ref. 29) , with the polymerasemode structure 12 as the initial reference. Details on the classification strategy are provided in Supplementary Figure 1 . Particle-based movement correction and per-frame B-factor weighting 30 were performed in Relion-2. FSC curves were corrected for the convolution effects of a soft mask with high-resolution noise substitution 31 , and reported resolutions were based on the gold-standard FSC 0.143 criterion 32 . Maps were sharpened with an automatically estimated negative B factor 33 . We noted that among different 3D classes, the relative orientation of the polymerase, exonuclease and clamp varied to a limited degree (Supplementary  Video 3) . This conformational heterogeneity hampered the accurate alignment of the whole-particle images and therefore decreased the number of particles that could be used for the final reconstruction. To improve the resolution, we used signal subtraction and focused classification 34 to independently align the polymerase, exonuclease, θ, and DNA ( Supplementary Fig. 1c-e) . With this procedure, we improved the resolution of the polymerase-exonuclease-θ-DNA region of the complex to 6.1 Å. Local resolution maps were calculated with RESMAP 35 . The cryo-EM structure of the PolIIIα-clamp-exonuclease complex in the polymerase mode (PDB 5FKW) 12 was used as a starting model, and the NMR structure of θ bound to the ε catalytic domain (PDB 2XY8) 13 was used to place θ into the cryo-EM map. The positioning of the primer strand in the exonuclease active site was guided by the crystal structure of the isolated exonuclease bound to a dinucleotide 36 , as well as the crystal structures of the exonuclease domains from DNA PolI from E. coli 16 and Pol B from Pyrococcus abyssi 21 , which belong to the same family of DEDDh exonucleases. Details of the DNA model and maps are shown in Supplementary Figure 1g . The model was manually adjusted in Coot 37 , and geometry of the protein was optimized in REFMAC 38 with DNA-specific restraints generated in LibG 38 .
Comparison of A-, B-, and C-type DNA polymerases. Table 2 ). The DNA sequences were similar to that of the DNA oligo used for cryo-EM, with the omission of the single-stranded overhang. DNA substrates were annealed and purified by gel filtration over a Superdex 75 3.2/30 column in 10 mM sodium phosphate, pH 7.0, and 200 mM NaCl. NMR samples had a final DNA concentration of 100 µM in the same buffer. All data were acquired on a Bruker Avance 800-MHz spectrometer with a TCI cryoprobe (Bruker). Sequential assignments of imino proton resonances for the three substrates were achieved via through-space contacts observed in 2D NOESY spectra collected at 278 K. At this temperature, solvent exchange was minimized, and NOE HN-HN (through-space) cross-peaks between imino protons at a mixing time of 300 ms were well resolved. Data sets acquired at 288, 298 and 310 K allowed transfer of obtained assignments within this temperature range. The temperature-dependent substantial line-broadening of terminal imino proton resonances immediately indicated a substantial increase in their exchange with the solvent. At 310 K, on the basis of a 2D NOESY experiment with a mixing time of 130 ms, only very faint NOE cross-peaks were observed, thus indicating that solvent exchange dominates the decay of the diagonal peaks. The decay of the diagonal peaks for the imino protons at positions 2, 3, 4, 7, 10, and 11 was measured with a set of ten 2D NOESY experiments collected at 310 K with mixing times ranging from 5 to 130 ms. Apparent solvent-exchange rates were based on the diagonal peak decay measured according to ref. 22 and analyzed with Kaleidagraph (Synergy Software). Apparent exchange rates were normalized to that of internal base pair 11, which showed the lowest exchange rate. In addition, the exchange rate of this base pair was similar in all three DNA substrates. We assumed that the dominant contribution to this decay was from the fast solvent-exchange process. The required R 1 rates were obtained from nonselective saturation recovery experiments 41 with a variable delay ranging from 25 to 250 ms.
UV melting. DNA substrates UV-16/11 C-G , UV-16/11 C-T , and UV-16/11 C-(Supplementary Table 2 ) were annealed at a final concentration of 5 µM in a buffer containing 10 mM Tris, pH 8, 150 mM NaCl and 5 mM MgCl 2 . UV absorbance at 260 nm was recorded during a 1 °C/min temperature ramp from 20 to 80 °C with a Cary Varian 6000i spectrophotometer. Data were normalized to minimum and maximum values for each data set. A Boltzmann sigmoidal curve was calculated to fit the normalized data with GraphPad Prism.
Exonuclease activity assay. Detection of exonuclease activity was performed with DNA substrates 37/26 C-T and 26/26 C-T (Supplementary Table 2 ) with a 5′ fluorescein (FAM) label in the primer strand. Reactions (10 µl) contained 5 nM DNA, 10 µM PolIIIα, clamp (dimer), exonuclease (ε), and θ in the a buffer containing 20 mM Tris, pH 7.5, 50 mM potassium glutamate, 8 mM magnesium acetate, 2 mM DTT and 30 µg/ml BSA. Reactions were incubated at 25 °C and quenched with 35 mM EDTA in 65% formamide at different times (as stated in figures). Samples were separated on a 20% acrylamide denaturing urea-PAGE with 6 M urea gel for 70 min at 30 W. Primer strands were visualized with a Typhoon Imager (GE).
Primer extension assay. Assays were performed as described for the exonuclease activity assays with DNA substrates 37/26 G-C and 37/26 G-A (Supplementary  Table 2 ) with a 5′ fluorescein (FAM) label in the primer strand and in the presence of 200 µM dNTP in the reaction mixture.
Fluorescence anisotropy. DNA binding studies were performed with 5′-fluorescein-labeled DNA substrates 37/25 G-C (Supplementary Table 2 ). Reactions (20 µl) contained 2.5 nM DNA and either PolIIIα-exonuclease-θ-clamp (2 nM-10 µM) or exonuclease-θ (2 nM-95 µM) in a buffer containing 20 mM Tris, pH 7.5, 50 mM potassium glutamate, 8 mM magnesium acetate, 2 mM DTT, and 30 µg/ml BSA. Reactions were incubated at 25 °C for 5 min and measured in a PHERAstar plate reader (BMG LABTECH). Data were normalized to the maximum and minimum anisotropy values and fitted to a single-site binding model with nonlinear regression in GraphPad Prism.
Sequence alignment. Nonredundant protein sequences for PolIIIα and ε homologs were retrieved from the MPI Bioinformatics Toolkit 42 and aligned with MAFFT 43 . Sequence logos were generated with Weblogo 3 (ref. 44) . 
